Cardiac autonomic dysfunction (CAD) has been reported in patients with multiple sclerosis (MS). This systematic review summarizes the evidence for the types and prevalence of CAD in MS patients, as well as its association with MS type, disease characteristics, fatigue and immunotherapies used to treat MS. The analysis revealed that CAD is correlated with pathophysiological processes of MS, can trigger serious cardiovascular complications that may reduce life expectancy, and may have implications for treatment with immunotherapies, especially fingolimod. Numerous mainly small case-control or cohort studies have reported various measures of CAD (particularly heart rate variation) in MS patients, showing higher rates of abnormality versus controls. A smaller number of studies have reported on cardiac autonomic symptoms in MS, including orthostatic intolerance/dizziness in around 50% of patients. CAD also appears to be associated with disease duration and to be more common in progressive than relapsing-remitting MS. However, although a substantial evidence base suggests that assessing CAD in people with MS may be important, standardised methods to evaluate CAD in these patients have not yet been established. In addition, no studies have yet looked at whether treating CAD can reduce the burden of MS symptoms, disease activity or the rate of progression.
Introduction
The autonomic nervous system maintains homeostasis of heart rate (HR), blood pressure (BP), respiration, and bowel and bladder control, amongst others. Autonomic dysfunction can lead to a wide range of symptoms, including HR and BP dysregulation, as well as pulmonary symptoms and bowel or bladder dysfunction. Autonomic dysfunction has been reported in patients with multiple sclerosis (MS); however, although bowel and bladder problems are commonly listed as symptoms of MS, cardiac dysfunction in MS is less well understood. Cardiac autonomic dysfunction (CAD) may include orthostatic intolerance and orthostatic hypotension due to baroreflex dysfunction, as well as postural tachycardia syndrome or reduced heart rate variability [1] . CAD in MS is often detectable with detailed autonomic testing, may or may not be symptomatic, and may be associated with the presence of brainstem lesions [2] .
In MS, CAD is most likely caused by central dysregulation of sympathetic and parasympathetic outflow to the cardiovascular system. Sympathetic activity may be increased significantly during the early stages of MS, while later disease stages may lead to progressive noradrenergic failure and adrenergic receptor dysfunction [3] . It has been assumed that with increasing impairment of the autonomic nervous system during MS, sympathetic or parasympathetic modulation alters immune responses, causing a vicious neuroinflammatory cycle. However, it is unclear whether those alterations are associated with the structural damage to the CNS in MS or an epiphenomenon of disturbed autonomic feedback cycles. Sympathetic and parasympathetic dysfunction display different patterns over the course of MS [3] . It has been suggested that parasympathetic dysfunction correlates with disease progression and disability, and its impairment could be the consequence of MS. Sympathetic dysfunction, on the other hand, is associated with inflammation and clinical activity of MS and may have a pathogenetic role in the development of MS [3] [4] [5] . MS activity has also been linked with changes in the expression of different receptors responsible for the communication between immune cells and the sympathetic autonomic system-for example, in the expression of dopaminergic and adrenergic receptors or of different subunits of the nicotinic acetylcholine receptor in the peripheral nervous system [6] .
As CAD has been correlated with landmark pathophysiological processes of MS, such as underlying inflammation and neurodegeneration, identifying this type of autonomic dysfunction may be of critical importance [7] . Five non-invasive tests often used to assess CAD are orthostatic BP response, immediate orthostatic HR response (30/15 ratio), heart rate variation (HRV) during deep breathing, Valsalva ratio and BP response to sustained handgrip [8] . Subjective, clinical effects of autonomic dysfunction in MS are assessed using the Composite Autonomic Symptom Score (COMPASS-31). Autonomic function overall can be measured using the Composite Autonomic Scoring Scale (CASS).
With growing evidence of the presence of CAD in patients with MS, the question arises whether CAD contributes to reduced life expectancy and severe cardiovascular complications. Data from a large Danish MS cohort (n = 13,963) show a slightly increased risk of acute myocardial infarction, stroke and heart failure within the first year after the first diagnosis of MS compared with the general population; during long-term follow-up, the increased risk of stroke and heart failure persisted [9] . CAD varies by patient but may give rise to baroreflex dysfunction with orthostatic intolerance and orthostatic hypotension, postural tachycardia syndrome or decreased HRV [10] . Patients who experience these symptoms are likely to have an increased risk of cardiovascular complications and may have a lower life expectancy than other patients with MS [10, 11] . Furthermore, acute cardiovascular episodes could be the first clinical manifestation of MS, although cardiologists and neurologists may not recognise them as being centrally mediated [12] . This is illustrated by a case of takotsubo (or stress) cardiomyopathy in a young man with no medical history of note, who did not have myocarditis or acute myocardial infarction but was diagnosed with MS and found to have some lesions that are likely to have affected the central autonomic network [13] . Another recently published case study describes a patient who suffered reverse takotsubo cardiomyopathy thought to be linked to an MS relapse [14] . Accordingly, there is an increasing awareness of the need to monitor sympathetic and parasympathetic input to the heart in patients with MS; eventually, this may prevent severe CAD complications [15, 16] .
In addition to the above considerations, there is some indication that CAD is linked to disease activity in patients with clinically isolated syndrome (CIS). In a prospective study with a 2-year follow-up of autonomic function using the CASS in patients with CIS (n = 62), MRI activity was linked to CAD [17] . In another study, data from 94 patients with CIS over 3 years' follow-up showed that autonomic dysfunction, including CAD, can be an independent predictor of the development of the first relapse after CIS. The authors identified three predictors of relapse: COMPASS-31 >7.32, more than three T2 lesions (both increasing the likelihood of relapse) and a decrease in supine epinephrine concentrations (decrease in the likelihood of relapse) [18] . CAD may also have implications for the treatment of MS as it can be induced or exacerbated by medication used in MS therapy, as exemplified by case reports of life-threatening cardiac complications in MS patients treated with fingolimod, including Mobitz type heart block, sustained bradycardia and one case of sudden cardiac death [19] [20] [21] [22] .
The objective of this systematic review is to summarise current knowledge on CAD in MS patients and the effect of immunotherapies for MS on cardiac autonomic function.
Literature Search
A search of PubMed was conducted in September 2019, using the term "multiple sclerosis" in combination with "cardiac autonomic", "heart rate variability", "orthostatic hypotension", "exercise intolerance", "bradycardia", "QT interval", "arrhythmia" or "syncope". Articles published in 1990 or earlier were not considered for inclusion. Titles, abstracts and full-text articles were reviewed for inclusion. Reference lists of review articles were examined for further articles for possible inclusion. Case reports, case-control or cohort studies, retrospective data analyses, and open-label or randomised clinical trials reporting information on CAD in MS patients were included.
The search retrieved 396 articles, of which 120 were selected for review of full text. Of these, 88 were included in the review. A further nine articles were added following examination of reference lists of review articles, giving 97 articles for inclusion in the review ( Figure 1 ). Supplementary Materials File S1 provides an overview of the excluded articles. Information extracted from included articles included the types, prevalence and causes of CAD in MS and its association with patient/disease characteristics and immunotherapies used to treat MS. The article recognises that terms such as heart rate variability and others are a cross-reference to a number of different methods and algorithms performed. Therefore, this review also serves as a reference to the diversity of autonomic test protocols available.
CAD in MS

Testing for CAD in MS
Several studies have considered the best methods to test for CAD in MS patients, and some have combined methods for testing for CAD with other autonomic test methods such as quantitative sudomotor axon reflex test to make more general statements about the involvement of the autonomic nervous system. Some authors used conventional electrocardiographic (ECG) parameters to make statements about the autonomic dysfunction of the cardiovascular system. Significantly higher maximum P-wave duration and P-wave dispersion (risk factors for atrial fibrillation) were reported in 31 MS patients compared with 33 sex-and age-matched controls [23] , and similar findings (along with a non-significant increase in QT interval) were reported from a study in 84 MS patients and 84 age-and sex-matched controls [24] . An Italian study in 31 relapsing-remitting MS (RRMS) patients reported that 16% had an increased QTc interval, which seemed to have a cerebral origin possibly driven by involvement of the insular cortex. The authors concluded that autonomic dysfunction is responsible for changes in ECG [25] .
Other authors used Ewing's Battery, an established combination of methods to diagnose autonomic impairment of the cardiovascular system, or parts of it (Table 1) . A study in 33 MS patients and 58 healthy controls used Ewing's Battery (Valsalva ratio, deep breathing test, 30/15 ratio, BP variation after change of posture, handgrip test) and QTc. They found an abnormal 30/15 ratio and an abnormal Valsalva response. However, they noted that the presence of an abnormal 30/15 ratio and an abnormal Valsalva response does not necessarily imply clinically significant cardiovascular dysfunction. They concluded that autonomic dysfunction may be subclinical and that it is preferable to combine several tests for a more thorough and accurate evaluation [26] . An advanced and complex analysis technique for the investigation of CAD is the frequency domain method or power spectrum analysis because it gives extended information-for example, on the evaluation of 24-h ECGs [35, 37, 38, 49] . Two studies in the 1990s suggested that spectral analysis of HR and/or arterial BP oscillations may considerably improve the pathophysiological interpretation of CAD in MS patients [30, 31] . A study from 2004 reported similar findings for spectral analysis of HRV in rest-tilt-rest tests [32] . A 1995 study suggested that tests of HRV performed during sleep may be more sensitive to detect reduced parasympathetic activity than standard tests during wakefulness for detecting CAD in MS patients [33] . A more recent study in 20 RRMS patients and 20 age-and sex-matched controls compared the performance of the classical standardised Ewing battery with newer methods based on heart rate variability and spontaneous baroreflex function in both time and frequency domain. In addition, the authors performed a short-term analysis of HRV by recording only the last 10 min of resting ECG recording. They concluded that short-term analysis of HRV may be more useful than the standard Ewing battery of tests, showing both parasympathetic and sympathetic impairment in MS patients (p < 0.05) [28] . An earlier study in 18 MS patients and 20 healthy controls, also using the frequency domain technique, suggested that vagal power, the respiratory component of HRV, could be an alternative non-invasive measure [29] .
One study used the Lyapunov exponent, which is a measure of a system's predictability and sensitivity to changes in its initial conditions, to assess heart rate dynamics [38] . The authors found lower Lyapunov exponents in MS patients (n = 11) than in healthy controls (n = 11), suggesting that MS patients display a more stable and thus less adaptive central autonomic organisation [38] .
Since the availability of sophisticated tests such as spectral analysis after Valsalva or tilt-table test is limited, another study tried to find evidence of CAD by monitoring HR during a cycle test. Examining 31 MS patients and 31 age-matched controls revealed that the pattern of increase in HR on starting a simple cycle test was different in some participants with MS who had been shown to have autonomic dysfunction on laboratory testing, highlighting that HR responses to dynamic exercises may be compromised in some people with MS. The authors suggested that physiotherapists should monitor the HR response to a dynamic exercise test in people with MS before prescribing an exercise programme to ensure patients' safety [27] .
In a number of studies, the above-mentioned techniques had been combined.
Prevalence, Findings and Types of CAD in MS
A meta-analysis published in 2015 (16 studies, 611 MS patients) reported a prevalence of CAD of either 42.1% or 18.8% depending on whether only one or at least two abnormal autonomic test results were used to define autonomic dysfunction [7] . Impaired HRV, measured in the time or the frequency domains, is one of the most commonly reported findings indicating CAD in MS patients. Studies in the 1990s found lower HRV (including HRV related to body movements during sleep) in MS patients, caused by a significant increase in sympathetic cardiovascular tone [35, 36] . Later, significant reductions in various long-term (24-h Holter monitoring) HRV measures were reported in 34 MS patients compared with 20 healthy controls (p < 0.05) [37] .
A study in the early 1990s took a different approach, finding that the HR dynamics of young, stable MS patients (n = 11) were characterised by significantly lower Lyapunov exponents than healthy controls (n = 11), suggesting that MS patients, from an early and even relapse-free stage of illness, display a more stable and thus less adaptive central autonomic organisation [38] .
In a Finnish study (51 MS patients, 50 controls), HR responses to the deep breathing test (p < 0.05) and the tilt-table test (30:15 ratio; p < 0.001) were significantly lower in MS patients than in controls [43] . An Australian study investigating spontaneous changes in BP and HR showed diminished baroreceptor sensitivity in 23 MS patients compared with 23 age-and sex-matched controls (p < 0.05), with the authors suggesting that this provides valuable information on the interaction of sympathetic and parasympathetic activity in assessing the overall autonomic function [4] . Measurement of cardiac autonomic function during postural changes and exercise in 23 MS patients and 20 age-matched controls showed that parasympathetic indexes were significantly lower (p < 0.05) in MS patients during baseline sitting and post-exercise recovery, whereas sympathovagal parameters were similar in both groups [44] . Impaired heart ejection fraction as a finding possibly related to impairment of cardiovascular autonomic function was reported by Olindo et al. They used radionuclide angiocardiography to assess right and left ventricular ejection fractions (VEFs) at rest, observing a significant decrease in right (p = 0.025) and left VEF (p < 0.0001) in 40 MS patients compared with 40 controls; pathological results were recorded for right (7.5%), left (10%) and both (7.5%) VEFs in 25% of MS patients [75] .
Symptoms of CAD in MS
Even in the presence of pathological findings such as altered HRV, CAD can be subclinical [27, 42] . However, orthostatic symptoms, which are among the symptoms commonly associated with CAD, were reported in 61% of 104 patients with CIS in a study from Croatia, and in 24% of 100 MS patients in a Turkish study [39, 76] . Nevertheless, in both studies, the authors did not distinguish between different forms of orthostatic dysfunction such as dizziness, palpitation or syncope. This was, however, done in an Iraqi study: in 55 MS patients and 40 age-matched controls, postural dizziness was present in 67% of patients and 33% of controls, syncope/pre-syncope in 18% and 0%, and palpitations in 64% and 23%, respectively [40] . Another Turkish study in 22 RRMS patients and 22 age-matched controls reported orthostatic dizziness in 9 (54%) patients and 6 (27%) controls [41] . In a German study (n = 40; 27 RRMS, 13 secondary progressive MS [SPMS]), 50% of the patients reported orthostatic dizziness compared with 17% of controls (p < 0.006) [77] .
Additionally, a US study looked at nine patients with postural orthostatic tachycardia syndrome (POTS) and MS; all also had fatigue and palpitations, as well as orthostatic dizziness, and five had syncope. Two of the patients had developed POTS 3.5 and 1.5 years before the onset of MS, while the other seven developed POTS over a mean period of 22 months from diagnosis [78] .
As a possible clinical complication of CAD, rare cases of Brugada pattern ECGs and takotsubo (or stress) cardiomyopathy have been reported [13] [14] [15] [16] 79] .
There have been occasional case reports of cardiac symptoms associated with MS relapses. A case was reported of a 20-year-old woman who developed sinus bradycardia (HR 40 bpm) during an MS relapse; no cardiac pathology was found and symptoms gradually improved after a 5-day course of corticosteroid therapy [80] .
Association with MS Type and Disease Characteristics
Several studies have looked at CAD in relation to type of MS, disease duration and other characteristics. CASS score and HRV were assessed in 40 patients with RRMS and 30 with progressive MS, showing that those with progressive MS had significantly lower total CASS scores (p < 0.001) [45] . Both disease duration and Expanded Disability Status Scale (EDSS) score were positively correlated with total CASS score (both p < 0.001), and type of MS, corrected for age, sex and disease duration, was a significant predictor of CASS score (p = 0.019). Moreover, HRV was overall lower in patients with progressive MS than in those with RRMS, with a blunted sympathetic reactivity [45] . A similar finding was reported from a study in 84 patients with RRMS, 36 with progressive MS and 60 ageand sex-matched controls [81] . Progressive patients showed altered HRV compared with both healthy controls and RRMS patients. The authors concluded that autonomic balance appears to be intimately linked with both the inflammatory activity of MS, represented by overall hypoactivity of the sympathetic nervous system and its compensatory plastic processes, which appear to be inefficient in cases of worsening and progressive MS [81] . Another study also reported more orthostatic symptoms, orthostatic hypotension and ECG RR-interval variation abnormalities in patients with progressive MS (n = 50) than RRMS (n = 25) and healthy controls (n = 15) [46] .
A Turkish study using five non-invasive tests of CAD found abnormal results in 10/22 RRMS patients and 0/22 age-matched controls [41] . Disease duration was significantly correlated with autonomic impairment (p = 0.0001) in this study, but EDSS was not, although another Turkish study (n = 100) found significantly higher rates of self-reported orthostatic symptoms in patients with higher EDSS scores (3% for EDSS <4 vs. 67% for EDSS >4; p < 0.0001) [76] . A Finnish study also found positive correlations between EDSS and several CAD tests [43] . An earlier study evaluated myocardial muscle function, finding significant decreases in ejection fraction and cardiac output in the supine position in 12 MS patients with EDSS 5-7 compared with 12 with EDSS 3-4 and 12 healthy controls, with intensified symptoms in the erect position accompanied by decreased values of stroke volume. The authors suggested that these findings may partly be accounted for by secondary myocardial injury in the course of MS [82] .
Impairment of autonomic control of HR was also found to be associated with disease duration (≤5 vs. >5 years: p ≤ 0.01 for all HRV variables except low-to high-frequency ratio) in a study including 39 patients with RRMS [49] . However, another study showed that HRV was already decreased in 51 patients with newly diagnosed RRMS compared with 44 age-and sex-matched controls [50] . On the other hand, a slightly diminished sympathetic response to a mental stress test, but unchanged response to orthostasis, was seen in 19 newly diagnosed untreated MS patients compared with 19 age-, sex-and body mass index-matched controls [51] . In the 1990s, one study in 46 MS patients (20 RRMS, 26 SPMS) found that orthostatic HR response showed significant worsening over 1 year [52] , while another reported worsening of HRV on deep breathing and immediate orthostatic HR response over 2 years in 20 RRMS patients [53] . The authors suggested that CAD tests may be useful as a surrogate outcome measure for demonstrating subclinical disease progression in MS, as they found over a 2-year period a significant deterioration in CAD tests, but no significant deterioration in EDSS and no significant increase in T2 lesion load on MRI.
A study of 26 patients with clinically active RRMS, 9 with clinically stable RRMS and 24 healthy controls assessed parasympathetic and sympathetic CAD [5] . The number of patients with at least one abnormal sympathetic test was higher in the "active" patient group (39%) than in healthy controls (8%; p < 0.02) or "stable" patients (0%; p < 0.04), while no difference was seen in the parasympathetic score. Standard autonomic tests were repeated at 3, 6, 12, 18 and 24 months in 18 of the active patients; parasympathetic but not sympathetic dysfunction increased slightly during the follow-up period, with a significant correlation with the increase in clinical disability (r = 0.7; p < 0.002). During acute exacerbations, only parasympathetic dysfunction tended to increase in parallel with a deterioration in the EDSS [5] .
Two retrospective studies explored cardiac repolarisation, assessed as HR corrected QT intervals, in relation to aspects of MS. In one study of 58 RRMS patients, cardiac repolarisation was prolonged and HR increased during the disease course in patients with motor but not with sensory onset symptoms [83] . The other study, in 43 RRMS patients, found that deterioration of cardiac autonomic regulation during the disease course was associated with disabling but not with benign RRMS [84] .
Association with Fatigue and Cognitive Impairment
A study in 84 MS patients used five established autonomic tests and three different fatigue questionnaires to investigate the relationship between CAD and fatigue [8] . Moderate cardiovascular disturbances were found in 17% of the patients and severe cardiovascular autonomic abnormalities in 11%; 64% of the patients were categorised as being fatigued. In 19% of patients, signs of autonomic failure and fatigue were co-existent. Only weakly significant correlations were found between some single autonomic test parameters and fatigue scores, which were confounded by age effects. The authors concluded that autonomic disturbances might contribute to fatigue symptoms in a subgroup of MS patients, but the overall influence of CAD on fatigue seems to be of minor relevance [8] . In a more recent study of 70 patients with early-stage MS, results of the Modified Fatigue Impact Scale (MFIS) correlated with those of COMPASS-31 (r s = 0.607; p < 0.001). Multiple regression analysis showed that COMPASS-31 was an independent predictor of fatigue, indicating a link between fatigue and subjective perception of autonomic function; however, only weak correlations were shown between objective assessments of autonomic function and MFIS scores [54] .
A study in 50 MS patients (28 with fatigue) using five non-invasive cardiovascular tests reported a loss in ability to increase BP with sustained handgrip in patients with fatigue, suggesting a sympathetic dysfunction (increase of 14.62 ± 9.13 mmHg for the group with fatigue versus 21.68 ± 7.18 mmHg for the non-fatigue group; p < 0.05) [55] . In another study, MS patients with fatigue (n = 27) had reduced orthostatic HR response (30/15 ratio) and handgrip BP response compared with age-and sex-matched controls (n = 36; p < 0.0001) and MS patients without fatigue (n = 33; p < 0.025), while no difference was seen between the latter two groups [56] . The authors concluded that these results may be due to a sympathetic vasomotor lesion with intact vagal heart control [56] . On the other hand, a study in 10 MS patients and 10 age-matched controls concluded that patients with MS who have chronic fatigue show normal sympathetic activity and possibly slightly reduced vagal activity compared with controls. A significant (p < 0.05) age-dependent decrease in vagal activity was seen in patients with MS compared with controls [57] .
A German study examined responses to cognitive stress in 23 MS patients with fatigue and 25 ageand sex-matched controls [58] . MS patients showed a significantly lower HR increase after the task (p < 0.001), and there was a significant negative correlation of the MFIS total score with HR (r = −0.39; p = 0.01). In addition, cognitive impairment was associated with a decreased HR reactivity (p = 0.02) [58] . A recent investigation of behavioural performance (response bias) and autonomic functioning (HRV and skin conductance level) during an acoustic vigilance task in 53 MS patients suggested that cognitive fatigue in MS is related to parasympathetic activity and reduced responsiveness [59] . Finally, a UK study in 26 MS patients (17 with fatigue) and nine age-and sex-matched controls found that patients with fatigue had reduced levels of alertness and cardiovascular sympathetic activation compared with patients without fatigue and healthy controls. Modafinil showed alerting and sympathomimetic effects in all three groups, which may be how it exerts its anti-fatigue effect in MS [60] .
Treatment of CAD in MS
Given the associations described above, improving cardiovascular autonomic nervous system functional activities has the potential to reduce the burden of MS and the rate of complications related to the disease in MS patients with CAD. There are almost no data regarding a specific treatment for CAD in MS patients. In the above-mentioned UK study including 26 MS patients (17 with fatigue), modafinil showed alerting and sympathomimetic effects, but these effects also occurred in non-fatigue patients (n = 9) and healthy controls (n = 9) [60] .
A pilot study in 21 MS patients with symptoms of CAD evaluated a non-drug treatment approach. Indicators of CAD improved 24 h after transvascular autonomic modulation using a combination of balloon angioplasty of anatomically normal veins coupled with external compression during dilation of these veins [61] . Independent studies are needed to confirm the efficacy and safety of this approach, which thus cannot currently be recommended outside of clinical trials.
Possible Mechanisms of CAD in MS
At present, only hypotheses exist regarding the origin of CAD in MS. Compromised carotid baroreceptor control of BP in MS patients may contribute to orthostasis-related symptoms. A study in 10 MS patients showed a diminished ability to increase BP in response to a hypotensive stimulus (neck pressure) compared with 10 sex-, age-and body-weight-matched controls, which was attributed to a blunted vascular conductance response [62] . A study in 13 MS patients and 18 controls evaluated the HR and blood vessel responses to baroreflex stimulation by sinusoidal neck stimulation at different frequencies, showing impaired responses in MS patients [63] . The authors concluded that baroreflex dysfunction is not only restricted to the cardiovagal limb of the baroreflex but that the sympathetic modulation of the blood vessels must also be affected [63] .
Recently, a US study in 11 MS patients and six controls reported that intra-neural measurements of muscle sympathetic nerve activity (MSNA) showing reduced MSNA in MS patients may be augmenting impaired autonomic control of cardiovascular function [34] .
Association with MRI Lesions
Brainstem/Infratentorial Lesions
It is reasonable to investigate a possible relationship between the presence and localisation of MRI lesions and CAD. Brainstem involvement was reported in a case of orthostatic hypotension causing recurrent syncope in an MS patient in the 1990s. The symptoms were associated with MRI lesions in the paramedian tegmentum and base of the medulla, suggesting the involvement of the nucleus tractus solitarii and bulbospinal sympathetic centripetal pathway, which are closely concerned with cardiovascular autonomic function [85] . Another 1990s case of paroxysmal atrial fibrillation and ECG changes associated with an MS relapse was attributed to a large demyelinating lesion involving the left middle and inferior cerebellar peduncles with extension rostrally into the brainstem, and an active cerebellar lesion was linked to acute bradycardia in an MS patient [80, 86] .
Two studies reported significant association between presence of CAD and clinical (p < 0.02) and MRI (p < 0.005) evidence of brainstem lesions while a Finnish study in 51 MS patients and 50 controls reported a significant association (p < 0.05) between the total volume of midbrain MRI lesions and impaired BP response [43, 47, 48] . In contrast, an earlier study from the Netherlands was not able to find a correlation between the number and size of brainstem lesions and abnormalities in autonomic parameters [53] .
Supratentorial Lesions
A recent study in 74 MS patients reported associations between a shift of cardiovascular sympathetic-parasympathetic balance towards increased sympathetic modulation and left insular and hippocampal lesions, areas of the central autonomic network [64] .
Spinal Cord Lesions
In a French study, both clinical and laboratory-confirmed autonomic dysfunction were associated with spinal cord atrophy on MRI (p ≤ 0.03), suggesting that CAD may be more closely related to axonal loss than to demyelinating lesions [46] .
Furthermore, in a prospective study of patients with CIS, a 2-year follow-up of autonomic function using CASS (n = 62) MRI activity was linked to CAD [17] . However, no significant relationship between location of MRI lesions and HRV analysis was seen in a Turkish study [50] .
CAD Associated with Immunotherapies in MS
Sphingosine 1-Phosphate (S1P) Receptor Modulators
Fingolimod
In a Phase 2 proof-of-concept study of fingolimod (n = 281) in MS, HR was reduced by a mean of 13.8 and 16.6 bpm within 6 h after the first dose of fingolimod in patients receiving 1.25 and 5.0 mg, respectively, returning towards baseline with continued treatment [87] . Symptomatic bradycardia within 24 h after the first dose was reported in one patient who received 1.25 mg and three who received 5 mg; all resolved spontaneously. An initial reduction in mean BP (5-6 mmHg lower than the baseline value) within 4-5 h after administration of fingolimod was followed by a sustained elevation (4-6 mmHg higher than baseline) after two months of treatment, with no further increase [87] .
Two Phase 3 studies of fingolimod versus placebo (FREEDOMS, n = 1272) and interferon beta-1a (TRANSFORMS, n = 1292) reported bradycardia and atrioventricular (AV) conduction block at the time of fingolimod initiation [88, 89] . Table 2 shows the cardiac findings in the two trials. The HR decreases were maximal at 4-5 h, attenuating after 6 h. Most cases of bradycardia occurred during the first-dose monitoring period, and all resolved within 24 h. In a long-term extension of FREEDOMS (n = 920), a transient decrease in HR and a delay in AV conduction were observed in patients who switched from placebo to fingolimod [90] . Symptomatic first-dose bradycardia was seen in two patients, and a transient episode of second-degree AV block on day 1 of therapy was reported in one patient who was asymptomatic and completed the extension study [90] .
A further Phase 3 study (FREEDOMS II, n = 1083) of fingolimod versus placebo included 24-h Holter ECG monitoring after the first dose and at 3 months [91] . The maximum decrease in mean sitting HR from the pre-dose values was 8.5 bpm in the fingolimod 0.5 mg group and 12.4 bpm in the 1.25 mg group at 5 h after the first dose. The monitoring results are shown in Table 3 . Patients receiving 1.25 mg fingolimod in this study were switched to 0.5 mg following review of the data from FREEDOMS and TRANSFORMS [91] . Table 2 . Cardiac autonomic dysfunction in the Phase 3 trials of fingolimod [88, 89] . An integrated safety analysis of Phase 2 and 3 studies of fingolimod reported symptomatic bradycardia events in the first 6 h in 9/1640 (0.5%) and 29/1642 (1.8%) patients who received first-dose fingolimod 0.5 and 1.25 mg, respectively. Second-degree AV blocks, usually Mobitz type I (Wenckebach) were observed in 2/1640 (0.1%) patients receiving fingolimod 0.5 mg [92] . Another analysis looked specifically at first-dose effects in the three Phase 3 studies [93] . At nadir, the mean decreases from baseline in the mean sitting HR were 8.1 bpm in the fingolimod 0.5 mg group (n = 1212) and 11.3 bpm in the 1.25 mg (n = 1219) group. AV node conduction abnormalities were seen in 86 (7.2%) and 153 (12.7%) patients in the 0.5 and 1.25 mg fingolimod groups, compared with 33/773 (4.3%) with placebo and 19/431 (4.5%) with interferon beta-1a. Symptomatic bradycardia on initiation of treatment was reported in 0.6% of patients in the fingolimod 0.5 mg group and 2.1% in the 1.25 mg group. A small decrease in BP was observed in fingolimod-treated patients on day 1 that was maximal 4-5 h after the first dose [93] .
A real-world, open-label, single-arm, Phase 3b study (FIRST, n = 2417) focused on cardiac safety during initiation of fingolimod 0.5 mg [94] . Bradycardia adverse events occurred in 0.6% of patients and were more frequent in those receiving beta blockers or calcium-channel blockers (3.3%) than in other patient subgroups (0.5%-1.4%); most events were asymptomatic, and all patients recovered without pharmacological intervention. In the 6 h post-dose, the incidences of Mobitz type I second-degree AV block and 2:1 AV block were higher in patients with pre-existing cardiac conditions (4.1% and 2.0%, respectively) than in those without (0.9% and 0.3%). All recorded conduction abnormalities were asymptomatic [94] . In another real-world, open-label, single-arm study (n = 906), cardiovascular adverse events occurred in 18 patients in the 6 h following the first dose of fingolimod and included bradycardia (1.3%), first-and second-degree AV block (0.1% and 0.2%), palpitations (0.1%), sinus arrhythmia (0.1%) and ventricular premature beats (0.1%). All events were self-limiting and did not require any intervention. Extended monitoring was required in 34 patients [95] .
An ongoing open-label Phase 4 study (START) is using Holter ECG monitoring to assess the safety of the first dose of fingolimod in a large patient cohort [96] . An interim analysis (n = 3951) showed that bradycardia and AV conduction abnormalities were rare, transient and benign. Thirty-one (0.8%) patients developed bradycardia (<45 bpm) and 62 (1.6%) patients had second-degree Mobitz I and/or 2:1 AV blocks with the lowest reading of 35 bpm and the longest pause lasting for 2.6 s. No Mobitz II or third-degree AV blocks were observed. After 1 week, there was no second-/third-degree AV block. The researchers concluded that continuous Holter ECG monitoring does not add clinically relevant value to patients' safety [96] .
One small study (n = 27) looked at cardiac regulation using 24-h ECG recording after the first dose and again after 3 months of continuous dosing [65] . On the first day, a prolongation of the RR interval (p < 0.001), an increase in the values of various HRV parameters (p < 0.05 to p < 0.001) and a decrease in the low frequency/high frequency ratio (p < 0.05) were seen. At 3 months, although the RR interval remained longer (p < 0.01), the values of HRV parameters were lower (p < 0.01 to p < 0.001) than at baseline [65] . Another small study (n = 33) looked at HRV shortly before and at 4.5 h and 3 months after the first intake of fingolimod, finding that an initial increase in HRV at 4.5 h was followed by a substantial decrease over 3 months of treatment [66] . A third study (n = 64) assessed patients with Holter ECG monitoring and HRV analysis 24 h before, 6 h during and 72 h after fingolimod initiation, as well as at follow-up ≥3 months later [67] . Five (7.8%) patients had new-onset AV block requiring cessation of treatment. HR decreased significantly (p < 0.001) on fingolimod treatment, with a nadir at 5 h after initiation, remaining decreased for 72 h; mean HR was still significantly reduced compared with baseline after a mean follow-up time of 14.1 ± 9.6 months (85.0 vs. 75.3 bpm; p = 0.002) [67] .
Two retrospective database studies have examined the first-dose safety of fingolimod in clinical practice. A US study (n = 317) reported that adverse events during first-dose observation were self-limited and included symptomatic bradycardia (n = 3), chest tightness (n = 2) and hypertension (n = 1) [97] . In a Brazilian study (n = 180), five patients had high BP and four had right or left branch block before medication; they were kept under observation for longer than 6 h and did not develop complications [98] . Two patients had sinus tachycardia and two had sinus bradycardia at the first ECG registration; they did not develop complications. Twelve (6.7%) other patients were kept under medical observation for longer than 6 h due to symptomatic bradycardia; 3 (1.7%) of them needed intensive care unit treatment for right branch block or second-degree AV block [98] . Another retrospective study (n = 212) considered the long-term cardiac safety of fingolimod. In the first 6 h after initiation, 54 (26%) patients had an abnormal ECG and one case of symptomatic second-degree AV block occurred. Over a mean follow-up of 1.5 years, one patient had atrial fibrillation requiring treatment and five had a persistent increase in BP [99] .
In addition to the above studies, several case reports have described cardiac complications in MS patients receiving fingolimod. One described a 37-year-old patient with a non-specific complaint of dizziness and asthenia who had a documented episode of ventricular tachycardia on Holter monitoring within the first month of fingolimod treatment [100] . Another case report described a 51-year-old patient who developed a Mobitz type I second-degree AV block during the initial 6-h monitoring period; she then went into a junctional tachycardia and later went back into a symptomatic Mobitz type I AV block with an HR nadir of 38 bpm that was treated with atropine [19] . Another patient had a transient asystole lasting for 7.5 s and sustained bradycardia 21 h after the first dose of fingolimod [20] . Also, a case of sudden cardiac death in the fifth month of fingolimod treatment was reported; postmortem examination showed an extensive contraction band necrosis in the heart, suggesting pre-mortem hypoperfusion due to ventricular arrhythmia. The exact cause of death and relation to fingolimod therapy remains unclear [21] .
Other studies have looked at predictors of fingolimod-induced bradycardia. One study (n = 55) found significant correlations between measures of parasympathetic function and fingolimod-induced bradycardia; patients with higher Valsalva ratio and HRV during deep breathing had nadir HR ≤ 50 bpm after the first fingolimod dose. Conversely, significant negative correlations were found between measures of sympathetic function and fingolimod-induced PR-interval increase [68] . A sub-study (n = 78) of the START study found that low baseline HR was a powerful predictor of fingolimod-induced bradycardia, while another study in 114 patients reported that body mass index, optic nerve involvement, baseline HR and T-peak-T-end interval were independent predictors of greater HR reduction on initiation of fingolimod [69, 101] . In a study in 625 patients initiating fingolimod, normalised spectral power in the high-frequency band (marking vagal modulation) and previous annualised relapse rate were independently correlated with the probability of requiring extended monitoring (45 [7.2%] patients) [70] . Finally, in a study in 21 MS patients and 20 normal volunteers, the results of autonomic testing before fingolimod treatment suggested that seven patients who had a delayed HR re-increase after fingolimod initiation had subtle and clinically not overt central autonomic dysfunction [71] .
Siponimod
The second S1P receptor modulator approved for treatment of MS was siponimod. Siponimod is selective for S1P receptor subtypes 1 and 5 (compared with fingolimod's affinity for 1, 3, 4 and 5), and unlike fingolimod, it does not require phosphorylation to function. In a Phase 2 dose-ranging study (BOLD, n = 297) [102] , patients were randomised 1:1:1:1 to siponimod 10, 2 or 0.5 mg or placebo for 6 months, or 4:4:1 to siponimod 1.25 or 0.25 mg or placebo for 3 months. A dose-dependent decrease in HR on treatment initiation was observed in those who did not receive dose titration (0.5, 2 and 10 mg) [96] . In an extension of the BOLD study (n = 252), all patients re-randomised from placebo to the five siponimod doses received dose titration [103] . Only minor decreases in HR from pre-dose levels were observed on starting siponimod and two patients had transient second-degree AV block on 24-h Holter ECG during the dose titration period; no symptomatic bradycardic events were reported during the extension, and there were no clinically significant changes in BP from extension baseline [103] .
Initial dose titration (from 0.25 to 2 mg daily over 6 days) also mitigated cardiac first-dose effects in a Phase 3 study (EXPAND, n = 1651) of siponimod 2 mg versus placebo [104] . During treatment initiation, bradycardia was reported in 48/1099 (4%) patients receiving siponimod and 14/546 (3%) receiving placebo; bradyarrhythmia (including conduction defects) was reported in 29 (3%) and 2 (0.4%), respectively, and sinus bradycardia in 14 (1%) and 1 (<1%). The maximum reduction in mean HR on day 1 was 5.3 bpm in the siponimod group (4 h post-dose) and 1.2 bpm in the placebo group (1 h post-dose); on day 7, mean reductions were 3.1 and 2.0 bpm, respectively (3 h post-dose) [104] .
Ozanimod
A third S1P receptor modulator, ozanimod, binds selectively with high affinity to receptor subtypes 1 and 5 and is undergoing regulatory assessment for the treatment of MS. A Phase 1 cardiac safety study in 145 healthy adults showed that although ozanimod blunted the observed diurnal increase in HR, excursions below pre-dose HR were no greater than with placebo. Ozanimod did not prolong the QTc interval or cause clinically significant bradycardia, suggesting a favourable cardiac safety profile [72] . In the Phase 2 RADIANCE study (n = 258), the maximum reduction in mean HR by Holter monitoring during the first 6 h in ozanimod-treated participants was <2 bpm compared with baseline, with no patient having a minimum hourly HR < 45 bpm. ECGs and 24-h Holter monitoring showed no increased incidence of AV block or sinus pause with ozanimod [105] . In the recently reported Phase 3 SUNBEAM trial (n = 1346), no first-dose, clinically significant bradycardia or second-degree or third-degree AV block was reported [106] .
Mechanism
Regarding the mechanism of the cardiohemodynamic effects with S1P receptor modulators, a pre-clinical study suggested that S1P receptor subtype 1 (S1P1) in the heart could be one of the candidates for S1P receptor modulator-induced AV conduction block as subtype 5 is localised in the brain [107] . Initiation of fingolimod dosing triggers a decrease in HR and BP due to initial S1P1 receptor agonism, while continuous dosing results in the downregulation of S1P1 receptors, a subsequent shift in the S1P receptor profile and an increase in BP [108] . After an initial increase in parasympathetic regulation, continuous fingolimod dosing shifts cardiac autonomic regulation towards sympathetic predominance [65] . However, a recent observational study in 10 MS patients suggested that the first fingolimod dose may enhance the sympathetic heart modulation in addition to the expected parasympathetic activation in some people [73] . Another observational study in 21 MS patients suggested that fingolimod-associated HR slowing may result from vagomimetic fingolimod effects that start to wear off after approximately 4 h when the S1P receptor sensitivity to fingolimod begins to decrease and the receptor starts to internalise [74] . The authors speculate that the shift towards less sympathetic and more parasympathetic, or rather vagomimetic, cardiac modulation may be considered a beneficial effect in most patients, with only a small proportion being at risk of clinically relevant bradycardia or arrhythmias [74] .
Other MS Drugs
While cardiac adverse effects (including ventricular arrhythmias, acute coronary syndromes, cardiomyopathies, AV conduction abnormalities, congestive heart failure and sudden cardiac death) of interferon alpha are well established, such effects have not been reported with interferon beta. A single case report of left bundle branch block in a patient treated with interferon beta-1a for MS has been published [109] .
As part of the CLARITY Phase 3 trial of cladribine versus placebo in MS, an ECG sub-study evaluated potential acute and/or cumulative effects of cladribine on the ECG intervals (RR, PR, QRS, QT, QTcB and QTcF) and T-wave morphology [110] . This sub-study had a particular emphasis on the HR-corrected QT interval (QTcF, QTcB) as a well-accepted surrogate measure signifying delay or heterogeneity in cardiac ventricular repolarisation which may be associated with proarrhythmic characteristics of a drug. Cladribine showed no evidence of any effect on HR, AV conduction or cardiac depolarisation as measured by the PR and QRS interval durations. No significant changes in T-wave morphology were observed [110] .
Finally, severe bradycardia has been reported as a rare adverse infusion-associated reaction with alemtuzumab [111] .
Of note, but outside the scope of this review, treatment with mitoxantrone has been associated with cardiomyopathy, reduced left ventricular ejection fraction and (in 0.2%-0.5% of patients) congestive heart failure [112] .
In addition to the findings with disease-modifying drugs discussed above, there have been some reports of adverse cardiac effects of corticosteroids. A study in 52 patients with acute MS relapse found that the most common cardiac arrhythmia before, during and after corticosteroid pulse therapy was sinus tachycardia; sinus bradycardia was observed in 42% of the recorded rhythms after pulse therapy [113] . There have also been case reports of nocturnal sinus bradycardia caused by intravenous methylprednisolone and symptomatic sinus bradycardia after treatment with high-dose oral prednisone in MS patients [114, 115] . A recent case report describes a 27-year-old patient who developed atrial fibrillation on two occasions following two consecutive treatments with high-dose methylprednisolone for the treatment of MS relapse and was subsequently discovered to have mild sympathetic autonomic dysfunction [116] .
Finally, it should be noted that a potential effect of other drugs on CAD in MS patients should not be dismissed. Polypharmacy is common in MS patients, as many suffer comorbidities. In one recent prospective study in 145 patients with RRMS in Germany, patients took on average 3.6 different medications including their MS drugs, with over 30% taking five or more medications. Some of the most common additional medications were analgesics (29% of patients), osteoporosis drugs (23%), contraceptives including hormone replacement therapy (22%), thyroid drugs (16%), antidepressants (12%), antihypertensives (12%) and gastrointestinal drugs (12%) [117] .
Discussion
Substantial evidence shows that cardiac dysfunction and CAD is a common finding in people with MS. In the only meta-analysis on the subject, the prevalence of CAD was either 42% or 19%, depending on whether only one or at least two abnormal autonomic test results were used to define dysfunction [7] .
The tests considered in this study were HRV to deep breathing, handgrip test, tilt test and Valsalva manoeuvre but no statement was made as to which of these tests should be combined. CAD may occur as a sudden symptom during a relapse and may respond positively to relapse treatment [85] . On the other hand, CAD can also occur insidiously during disease progression, but there is no data on whether disease-modifying therapy can prevent the occurrence of CAD [45, 46, 81] .
A standardised recommendation for the detection of CAD in MS patients does not yet exist and it seems that testing for CAD may best be done using a combination of several tests, including short-term analysis of HRV. In fact, a wide range of tests have been used to screen for autonomic dysfunction, including time domain and frequency domain methods. While time domain methods screen for fluctuations of a signal and often employ distinct time points for evaluation, they often tend to omit a large part of the biosignal to be screened. Frequency domain methods, on the contrary, evaluate the distinct frequencies within the biosignal. Both techniques have a range of pitfalls to be aware of; in particular, frequency domain techniques are sensitive to artefacts and therefore need extremely careful and experienced method selection and data pre-screening. This review identifies an unmet need for a standard in autonomic evaluation in MS patients. While selected papers by themselves had a sound methodology, the techniques employed are divergent. Furthermore, not all possible dimensions of autonomic dysfunction are assessed in the reviewed literature, and it is generally methodologically difficult to attribute the reported findings to a peripheral or central cause, although a central cause is assumed in MS. In most studies, HRV is examined. HRV represents the spontaneous activity of cardiac autonomic function. Other parameters like heart rate recovery (HRR), which reflects the recovery of parasympathetic activity after maximal exercise or heart rate turbulence (HRT), which reflects the spontaneous response of baroreflex receptor activity to stress, were not studied in a standardised way [118] . In most studies, both the parasympathetic and sympathetic nervous systems are examined using the Ewing battery or parts of the Ewing battery. However, as described above, parameters or dimensions of autonomic dysfunction like HRR or HRT may be neglected. Therefore, we regard the evidence available at present as inappropriate for the derivation of structured recommendations. Table 1 shows the methods used so far to assess CAD. Impaired HRV is one of the most commonly reported findings indicating CAD in MS patients, and HR responses to the deep breathing test and the tilt-table test (30:15 ratio) are often lower in MS patients than in controls. Orthostatic intolerance/dizziness is a common finding (~50% of MS patients) and may result from impaired sympathetic vasoconstriction [77] .
An important limitation in autonomic testing is the fact that autonomous measurement is subject to various factors, some of them very difficult to control. For example, there is the deconditioning of the patients, which is more or less pronounced depending on the degree of disability and is influenced by different training conditions even in patients with the same degree of disability [118] . Furthermore, age, patient medication, consumption of nicotine, alcoholics or caffeine or even room temperature in the examination room are important influencing factors in autonomic functional diagnostics. Therefore, strict standardization of patient preparation, test procedures and evaluation using standard values and test algorithms created for all laboratories is required [119] .
CAD has been associated with lesions in the brain, especially the brainstem. However, the data are partly contradictory and the currently available data are not sufficient for a generally valid statement [2, 17, 43, [46] [47] [48] 50, 53, 64, 80, 85, 86] . There is evidence that MS-related atrophy of the spinal cord correlates with CAD [46] . Since spinal affection is an independent predictor of MS-related disability, the question arises whether this is at least partially related to autonomic dysfunction. It therefore seems reasonable to perform MRI measurements of both the brain and the spine in future studies to gain further insight into the causes and effects of autonomic dysfunction in patients with MS. Furthermore, there is good evidence that CAD is worse in patients with progressive MS than in RRMS [45, 46, 81] . CAD appears to worsen with longer disease duration, although it may be present at diagnosis and worsen soon thereafter [41, 49, [51] [52] [53] . There is also some evidence for an association with EDSS and disease activity [5, 43, 76, 82] . The association of CAD with fatigue in MS patients has been widely studied, but results are on the whole inconclusive. Relations between autonomic function, fatigue and cognition in MS patients are worth further study. Existing CAD may be a predictor of the well-documented first-dose cardiac effects of fingolimod [68] [69] [70] [71] 101] , while rare cases of takotsubo cardiomyopathy in MS patients and life-threatening cardiac complications in those treated with fingolimod demonstrate the potential importance of CAD [13, 14, [19] [20] [21] .
Our literature search also yielded data suggesting that balloon angioplasty may be useful in the treatment of autonomic dysfunction [61] . However, it must be considered that the concept of chronic cerebrospinal venous insufficiency has been disproved in the meantime and this intervention cannot be recommended according to the current state of knowledge [120] .
Conclusions
Assessing CAD in MS patients may be important because of its correlation with underlying inflammation and neurodegeneration, its possible association with fatigue, rare serious cardiovascular complications and implications for treatment, especially with fingolimod. Overall, a substantial body of evidence suggests that patients with MS should be assessed for CAD. However, currently, a comparative superiority study on those techniques employed in MS patients is not available and a standard for autonomic evaluation in MS patients is lacking. However, it is worthwhile waiting for the results of the ongoing efforts of the European Federation of Autonomic Societies together with the American Autonomic Society to provide a consensus for cardiovascular autonomic testing. The publication of these consensus statements is expected. These have then to be evaluated and eventually applied to MS patients. No studies have yet looked at whether treating CAD can reduce the burden of MS symptoms, disease activity or the rate of progression.
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